Abstract-The hybrid AC/DC microgrid is getting popular in different countries including Australia as it could enhance energy efficiency and system's reliability. This paper investigates the dynamic performance of a hybrid ACmC microgrid during transition from grid-tied mode to isolated mode and vice versa. As the droop control method allows the system to operate under both grid-connected mode and islanded mode, it is adopted as the main inverter control strategy for observing the system's performance during mode switching. Different characteristics of distribution energy resources (DERs) make it complicated to share power between the DC subgrid and the AC subgrid during islanded mode. Therefore, this paper investigates the performance of a hybrid microgrid under different scenarios which contains various DER combinations. DER units such as PV modules, wind turbines, battery energy storage systems (BESSs), and micro-turbines are utilized for building systems with different structures. Different case studies are carried out in MATLAB/SIMULINK environment based on a real microgrid system which is built in Griffith University Nathan campus for demonstrations. Simulation results show that the microgrid system could perform well and ensure smooth transition with the proposed control strategy described in this paper. Through the comparisons of different scenarios, it can be seen that system which include BESS could show better performance during mode transition. When micro-turbine involves in power supply, fluctuations in AC voltage and power supply can be optimized.
INTRODUCTION
With the requirements of energy saving and environmental protection, traditional fossil fuel energy is no longer the first choice in power industries. As an alternative option, the distributed energy resources (DERs) have become the research focus in recent years. DER units include several devices, for example, photovoltaic (PY) units, wind turbines (WTs), micro-turbines (MTs), battery energy storage systems (BESSs) etc. [1] However, devices like PY and WT possess significant challenges due to their intermittent and variable outputs which may cause problems when they are connected to utility grids. The microgrid (MG) concept is proposed to M. J. Hossain Department of Engineering, Macquarie University Sydney, 2109 NSW, Australia jahangir.hossain@mq.edu.au realize the flexible and efficient application of DER units. The microgrid is a small-scale generation and distribution system consisting of DER units, energy storage systems, energy conversion devices, monitoring and protection equipment and loads. It is an autonomous system which is able to achieve high flexibility, operation efficiency, selfcontrollability, self-protection and self-management.
AC microgrid is widely utilized to connect DER units to conventional AC power systems [2] . However, a DC-based microgrid is much easier to control and more economical than an AC microgrid. In recent years, the concept of a hybrid AC/DC microgrid is proposed to combine the advantages of both AC and DC microgrids [3] . DER units and BESS which only output DC power can be connected to a common DC bus through DC/DC converters in which case they constitute a DC microgrid to supply power to DC loads. This DC microgrid can be treated as a unique power supply which needs to be connected to the AC bus through power electronic inverters. A hybrid microgrid combines the advantages of both the AC microgrid and the DC microgrid which makes it more practical and economical to use.
A hybrid microgrid has three operation modes, namely islanded mode, grid-connected mode and transition mode between the two modes mentioned above [4] . During the transition from grid-connected to islanded mode, proper voltage and frequency should be maintained for islanded loads to balance the power generation and demand. A control strategy should be carefully designed in case momentary interruption occurs [5] . When the microgrid is reconnected to the utility grid, synchronization of the microgrid voltage and frequency to the utility grid is required [6] . The switching transient in the behaviours of a hybrid microgrid varies for different DER units involved since each unit has its own special effect on the inverter output.
In [7] , a typical hybrid microgrid model is proposed and its performance under grid-connected mode is observed. A P-Q control method and current control strategy are used for the AC and DC side inverters respectively. The designed system in [7] performs well however the islanded case is not considered. In [8, 9] , a droop control method is applied in The complete simulation model comprises of two parts: a DC microgrid and an AC microgrid. On the DC side, a PV module and wind turbine generation system with maximum power point tracking (MPPT) controllers and integrated boost converters are included. A lithium-ion battery bank model is also connected to the DC bus to simulate the real BESS. The DC microgrid utilizes a bidirectional inverter to connect to the AC bus which allows power to flow to and from AC and DC sides. In reality, the micro-turbine generation module has an inner converter installed, with which it connects to the AC bus directly. The utility grid is also linked to the AC bus through an isolated transformer, which forms an AC microgrid with the MT generation system. A fully developed simulation model configuration is shown in Fig. 2 . model (which mainly includes N44 building and N74 building components) is simulated in MATLAB/SIMULINK environment.
III. MODELLING OF HYBRID MICROGRIDS
In the hybrid microgrids, an interlinking inverter is necessary to connect the DC bus with the AC bus. Therefore, a robust control strategy for the inverter is important for power exchange between the two subgrids. In addition, according to the Griffith University microgrid system, a single-shaft micro-turbine (with its own converter) is adopted as a back-up power supply. A specialized module for micro-11.
SYSTEM DESCRIPTION
The simulation model used in this paper is mainly based on the real microgrid system configuration developed at Griffith University, Australia, which is shown in Fig. 1 . The system comprises of low voltage distribution systems with DER units. Practical loads are from three buildings i.e. N44, N05 and N74 on Nathan campus. New loads such as EVs will also be included in the near future. The N44 building utilizes 15.5 kW PV panels to achieve peak demand shaving. Wind turbine and battery are planned for installation to reduce power consumption. For the N05 building, an EV charging station is planned for vehicle-to-grid implementation. In the N74 building a micro-turbine is used as a back-up power supply to provide an uninterruptible power supply (UPS) system. In addition, a smart DC/AC inverter (d-Statcom) is also included, which allows for the charging and discharging of the battery energy storage system (BESS). For EVs, the charging station is still in its planning stage, and a simplified hybrid microgrids so that the AC side frequency and the DC side voltage can remain stable in both grid-tied and island conditions. An improved control method is introduced in [10] to reduce circulating current and power-sharing deviation between AC and DC microgrids. Authors in [11] concentrate on the issues related to seamless mode transition in a hybrid microgrid. In order to achieve the seamless transfer, the system minimizes the switching items between the PQ control mode and the VIf control mode. However, the utilization of two control strategies makes the controller structure more complex. The hybrid microgrid enables the combination of an AC microgrid and DC microgrid which makes it more suitable for practical applications. Several experimental test systems have been built and tested in different countries and results show that the hybrid microgrids could maintain a good operating performance under both grid-connected and island modes [12, 13] . However, their performance analyze during mode transitions are paid little attention.
In this paper, performances of a hybrid AC-DC coupled microgrid with different structures during the transition mode are investigated. Several case studies are carried out and the response of frequency, AC voltage, DC voltage, active power and reactive power under different scenarios are compared. Inclusions of the dynamics of DER units can assist in analysing the performance of a hybrid microgrid accurately and identifYing any critical parameters that can degrade its dynamic performance during switching period. This study will assist in designing control for a hybrid microgrid with different combinations ofDER units for its reliable and stable operations.
The rest of the paper is organized as follows. Section 11 describes the hybrid ACIDC microgrid system configuration as well as the simulation model. Section III discusses the control strategies for the DC/AC inverter which combines the AC subgrid and the DC subgrid. Case studies covering PV only; PV with battery; WT with battery; PV with WT; PV and WT with battery; PV, WT and MT with battery are presented in section IV. Section V summarizes the conclusions of this study.
C. Micro-Turbine Converter Controller
According to the practical microgrid system configuration, the micro-turbine equipment ready in use includes its own converter installed inside. As a distribution generation resource, the power output of the micro-turbine should be controllable. The converter control strategy proposed in this paper for the micro-turbine adopts the P-Q control method which is shown in Fig. 7 . 
B. Micro-Turbine Module
Based on the Griffith University microgrid system, a single-shaft micro-turbine is adopted as a back-up power supply. The major turbine engine components include a compressor, a recuperator (exhaust gas heat exchanger), a combustor, a turbine, and a generator. Fig. 6 shows a simplified model of single-shaft micro-turbine, in which fast dynamics of the micro-turbine is neglected. Since the recuperator only serves to increase the turbine efficiency, it is not included in the model [16] .
As can be seen, the micro-turbine model mainly consists of five parts: speed control, accelerate speed control, temperature control, fuel control and combustor, and compressor and turbine. Speed control takes effect under variable load conditions. Accelerate speed control is used for avoiding over speeding and temperature control acts as an upper power output limit. The output of all three blocks will be sent to a least value gate which picks the lowest value as the input for the fuel control and combustor block. After optimizing the fuel requirement, the least amount of fuel can be given to the compressor-turbine block. The compressorturbine is a linear and non-dynamic device, which is described by the compressor-turbine block. Output torque follows the linear relationship with fuel flow and can be calculated through this block. :~~: A proportional-integral-derivative (PID) controller is applied to eliminate the tracking errors so that the steady state accuracy can be improved. The output of the voltage loop is transferred into reference current as the input of the current loop. The capacitor current is adopted as a feedback signal. A proportional controller is introduced to enhance the high dynamic response and its steady state error has no effect on the voltage loop accuracy. The capacitor current is then transferred back to voltage component to generate PWM signals [17] . The configuration of the voltage current dual loop controller is shown in Fig. 5 .
A. Interlinking inverter controller
For inverter-based generation systems, active and reactive power is related to frequency and voltage magnitude respectively. Such relationships (as shown in Fig. 3 ) lead to the application of the droop control strategy. Droop control can be used to share power among the multiple sources without communication in distribution systems [14] . It allows distribution generators to operate under both grid-connected and islanded modes, which makes it a proper control strategy for the interlinking inverter in this research.
Current Control Through such a control strategy, there is no need for the micro-turbine to consider frequency control and voltage control. The inverter will output active power and reactive power on the basis of the reference value. Similar to the droop control strategy, the P-Q control method also needs to decouple the active power and reactive power by using a power controller to generate reference current. Through current control, the steady state error can be reduced to zero by properly tuning the PI controller. 
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B. AC Voltage and DC Voltage
The response of AC and DC bus voltage during mode transition are shown in Figs. 10 -13. Since the power outputs of different cases are not precisely the same, the rms voltage during islanded mode can vary. The voltage response during mode switching is similar in cases A, B, C, D and E. In case F, overshoot of AC voltage during 4-4.05s is smaller when microgrid disconnected from the grid. Since micro-turbine could offer stable output, it is able to reduce the fluctuations in the output power.
However, the characteristic of DC voltage is significantly different from that of AC voltage. When disconnected from the grid, the utility grid stopped supplying power to loads. Without the support of the main grid, the power output of DER units in microgrid increases to match the AC loads. This is the reason why the AC and DC bus voltage increased during the switching mode. As with frequency, during mode switching from isolated to grid-connected mode, there are which is better than in case A. Frequency in cases C, E and F recovers quickly and smoothly. However, when a microturbine is added in the system, there are little fluctuations in frequency during islanded mode which can be neglected. During the transition from islanded to grid-tied mode, the result shows different scenarios. Cases B, C, E and F show the similar characteristic in which the frequency synchronizes to the grid frequency fluently after a small overshoot occurred. There are more fluctuations in case A which takes more time to stabilise. In case D, another big overshoot occurs during synchronization. It can be concluded that when the PV array produces a higher power output, it is difficult to keep the frequency constant during the transition mode. Since the micro-turbine is connected on the AC bus, its synchronization to the microgrid may affect the frequency under islanded mode. In addition, the battery performs better for frequency synchronization when reconnected to the grid. 
IV. CASE STUDY
The main aim of this paper is to study the performance of hybrid microgrids with different configurations of renewable energy sources and distribution energy resources during mode transitions. Different scenarios as mentioned below are simulated and compared based on the system structure presented in Fig. 2: Case A: a microgrid system which includes PV only.
Case B: a microgrid system which includes PV and battery.
Case C: a microgrid system which includes wind turbine and battery.
Case D: a microgrid system which includes PV and wind turbine.
Case E: a microgrid system which includes PV, wind turbine and battery.
Case F: a hybrid microgrid system which includes PV, wind turbine, battery and micro-turbine.
A. AC Voltage Frequency
The AC side phase voltage of the microgrid system is set at 230V, 50Hz and the total AC load is 95kW+54kVar. The approximate percentage of power contribution from each DER is shown in the table in Appendix A. The system was initially grid connected and it is intentionally disconnected from the host grid during 4-7s. The effect of different system configurations on the frequency response can be observed in Figs. 8 and 9 .
During the transition from grid-connected to islanded mode, there is an increase in DER active power output which results in increasing the frequency during 4-4.1 s. Although there is an overshoot for a short period of time, the frequency stabilises to 50Hz within very short period of time. The microgrid in case A shows the worst performance since it has the largest overshoot and takes longer time to recover. Frequency in case B and case D shows the similar trend more fluctuations in the DC bus voltage which leads to a longer recovery time in case A. In addition, it is hard for WT to stabilize its DC bus voltage alone by using uncontrolled rectification. The PV unit is a DC generation which can produce stable DC voltage by using a DC-DC converter. Through the parallel connection with the PV unit, the DC bus voltage of a PV-WT hybrid microgrid can be stable. However with the integration of a WT, a great ripple in DC voltage still happens in case D during the microgrid reconnection in 7.1~7.2s. Furthermore, because the micro-turbine is connected to the AC bus and needed to be synchronized, it takes microgrid longer to regulate AC side voltage in order to reach in steady-state. In this case, the DC bus voltage also needs more time to become stable. C. Active Power and Reactive Power The active power supplied by the microgrid during mode switching is similar to AC voltage which can be seen in Figs. 14 and 15. However, during the reconnection to the utility grid, the microgrid active power outputs in cases A and D have more ripples. For case A, the reason is that the PV unit lacks the ability to synchronize with the utility grid quickly as it is inertia-less. For case D, a significant disturbance appears before the output power steadies (due to the effect of the wind turbine). Since the battery energy storage has the function to stabilize the DC voltage, the active power output change can be more stable in case E. Figs. 16 and 17 show the reactive power generated by the microgrid during mode switching. In grid-connected mode, DER units absorb reactive power from the utility grid to regulate the voltage. However, under islanded mode, DER units supply reactive power to loads. In case F, the reactive power required for microgrid is lower because the microturbine is able to supply reactive power under P-Q control strategy. During the transition from grid-connected to islanded mode, the reactive power output variations are quite similar in different scenarios. However, during opposite mode transition, the reactive power in case D and case F is different. As mentioned before, the WT cannot stabilize the output itself. Though the PV could offer stable power, it is still not able to eliminate the effect of the wind turbine since they share the power output equally. Therefore, the reactive power oscillates and sag during 7.1~7.2s in case D. In case F, when the microgrid is reconnected to the grid, reactive power required from the grid suddenly increase. To match this change, the reactive power offered by the micro-turbine has a sharp increment. However, due to its capacity limit, the sudden reduction of reactive power required is small which produces the sag at 7.1 s. 
CONCLUSION
In this paper, a control strategy is proposed for a multisource hybrid ACmC microgrid based on droop control strategy, while enabling the microgrid system to operate under both grid-connected and islanded mode. The performances of the microgrids during mode transitions, with different structures, are investigated by nonlinear simulations. Simulation results show the effectiveness of different DER units for a hybrid microgrid during mode switching. The PV unit shows a negative effect for synchronization with the utility grid. A parallel connection with other types of DER units could conquer such disadvantage. If a wind turbine is considered for connection to the DC side, necessary measures to stabilize the DC voltage should be taken into consideration. The battery performs well and enables a smooth transition of microgrid when discharging however the charging case for battery energy storage is not considered in this paper. This could be taken into consideration in the future. The micro-turbine is operating under a P-Q control strategy and has a positive effect, except it needs to be synchronized to the microgrid during transition from grid-tied to islanded mode. However, the micro-turbine should not be switched on until the microgrid is disconnected from the grid since it is mainly used as a back-up generation for the UPS. Because of its stable output and higher capacity, it should be the main resource during islanded mode which decides the microgrid frequency and voltage level. The effect of the micro-turbine dynamic effect for the microgrid will be investigated later. Moreover, according to the Griffith University microgrid system structure plan, an EV charge station will also be constructed in the future. The coordination of the complete Griffith microgrid system will be studied in future research. 
